A degree of optical transparency is a crucial property in many of these applications, 1, 2, 6, 8 achieved by -often-multifunctional windshields and windows, constituting indispensable architectural elements of commercial and residential buildings. 12, 13 Several passive anti-icing strategies, based on scientifically nano-engineered surfaces, 14, 15 have been developed since the late 1990s, including hierarchical superhydrophobic surfaces, [16] [17] [18] [19] [20] [21] [22] lubricant infused surfaces, 23 and liquid infused polymers. 24 Their icephobic properties are defined by the nucleation delay, droplet contact time reduction, reduced ice adhesion and defrosting time. [16] [17] [18] [19] [20] [21] [22] [23] [24] While promising and highly desirable, passive approaches are to date complementary to active systems such as resistive heaters 7 and mechanical scraping. 4 Such active systems, however, are energy intensive (requiring electricity), 25 their operation is intrusive, have limited optical transparency and working temperature, 15, 26 or require replenishment. 15, 23 What is less explored is harvesting the potential of ubiquitous sunlight to impart icephobicity, here through specifically tailored plasmonic metasurfaces.
We show that by using rationally nano-engineered ultra-thin hybrid plasmonic metasurfaces, one can concentrate naturally occurring solar energy into a small volume, causing a greater than 10 °C temperature increase with respect to ambient at the air-solid interface, where ice is most likely to form, delaying freezing, reducing ice adhesion to negligible levels (de-icing) and 4 inhibiting frost formation (anti-icing). Significant thermal responses can be achieved with transparent metasurfaces, paving the way to a wide range of applications where the benefit of icing resistance must be weighed against loss of transparency. We realize this by engineering an array of nanoscale noble metal particles embedded in a dielectric matrix -an approach that is shown to be capable of tuning absorption and transparency in a systematic way based on film thickness and is well-suited for a fundamental study-on industrially and commercially relevant substrates (e.g., glass, plastic), for a total film thickness in the sub-micron regime, ensuring maximum temperature boost. The use of plasmonics in metal-dielectric composites in applications such as water desalination, 27 photovoltaics, 28 solar water heating 29 and photochemistry 28, 30 were explored be-
fore. Plasmon resonances in metallic nanostructures can be damped radiatively (photon reemission) or non-radiatively via Landau damping, 31 resulting in rapid localized heating of the nanoparticles. [32] [33] [34] Here, exploiting the Landau damping of hot electrons 32 in deeply subwavelength gold particles, and incorporating them in rationally designed metal-dielectric nanocomposite metasurfaces, we show that a broadband absorption of solar energy, with adjustable levels of absorption and transparency, can be achieved within sub-wavelength films, confined in the surface. We demonstrate that such heating can be considerable and under harsh icing conditions it can significantly delay frost formation (anti-icing) and lead to the swift removal of frozen ice blocks from the surface (de-icing) for several freezing cycles. This is a straightforward approach that leverages naturally occurring sunlight to achieve an impressive anti-icing and deicing performance that does not rely on chemicals, mechanical action or electricity, translating into environmental and cost savings and operational facility.
Results and Discussion
We designed and fabricated plasmonic metasurfaces consisting of closely-packed, deeply 5 sub-wavelength metal particles, in a dielectric matrix. 35, 36 For the metal and dielectric, we chose gold (Au) and titanium dioxide (TiO2), respectively. Nanoscopic gold particles are very effective absorbers of sunlight at their plasmon resonance wavelengths. Embedding them in a dielectric matrix, with a volumetric concentration close to the percolation limit, leads to a very effective and ultra-broadband absorption. This absorption is attributed to the significantly increased imaginary part of the effective permittivity, r,nc Im( ) ε -equivalently effective electronic conductivityover an ultra-broad spectrum, 35 in our designed nanocomposites. The increased conductivity leads to a boost in the photoexcited hot carriers, 32 which generate heat through Landau damping. 31 The selection of TiO2 as the dielectric is based on previous findings in which high absorption levels of over 80% across the visible wavelength range were demonstrated in AuTiO2 thin films. The TiO2 enhances the plasmon resonance of individual Au nanostructures and the plasmonic coupling of proximal nanostructures, enabling broadband light absorption. 37 Other common dielectric materials, such as silicon dioxide or Teflon, are also employable, albeit using the high-refractive index TiO2 enables enhancement of the visible light absorption (see Support- ing Information, section 'Modeling light absorption' and Figure S1 for a comparison between TiO2 and other common dielectrics).
Based on our theoretical evaluations and experimental results (discussed below), a metasurface composed of gold particles with sizes, d , of 5 ≈ nm, and a volumetric concentration, Au v , of 40% ≈ , embedded in a TiO2 matrix, exhibits a high level of absorption across the entire visible and near-infrared spectrum, and is the selected material system in this study.
To realize the nanocomposites, we deposited Au and TiO2 via a layer-by-layer sputter deposition process, on fused silica and acrylic (PMMA) substrates. An experimental parametric study by changing the total film thickness ( L ) and the total number of deposited layers ( L N ) was , assuming spherical particles. We found that the particle size has a gamma distribution with a mean value of 5.4 nm, variance of 2.1 nm and a range of 7.9 nm. The methodology of the particle size analysis is described in Supporting Information, section 'Nanoparticle size analysis'; see also Figure S2 . In Figure 1c ). We used a mechanical shutter to rapidly control illumination. Figure 2a (inset) also shows the spectrum of the broadband light source used in this study. Figure 2b shows T ∆ vs. time, t , for the four samples with different values of  (28%, 37%, 63%, and 83%). Time-zero was when the metasurface was first illuminated. Here, T ∆ was measured at the center of the illuminated area on the surface. It is clear that all metasurfaces exhibit an appreciable change in temperature due to visible light illumination, valid even for the highly transparent metasurfaces. We also note that there are transient and steady-state regimes for T ∆ . T ∆ vs. t curve is also shown for the reference sample (uncoated glass substrate). Figure 2c shows the corresponding spatial distributions of T ∆ for the four metasurfaces at 180 t = s (steady state). The boundary of the illuminated area is marked with a dashed circle, and it is evident that the maximum value of T ∆ occurs at the center of this area and that heat diffuses well beyond the illuminated area.
The time to steady state is controlled by the characteristic length, which is comparable to the order of magnitude of the experimentally determined time ( 100 ≈ s).
The temperature increase at the surface of the sample is determined by light irradiance and absorption as well as heat losses due to conduction (in the film and substrate), convection (in the surrounding air), and radiation (to the surrounding environment); see Supporting Information, section 'Heat Transfer' and Figure S5 for a detailed analysis on the above. In summary, to under-9 stand the relative importance of convection and radiation on determining the steady-state value of T ∆ , we solved for the temperature distribution (sample with 37% =  ) in a two-dimensional semi-infinite plate immersed in a gas that had a heated gas-substrate interface and an adiabatic condition on its bottom interface. The boundary condition at the interface was modified to account for radiation losses. We fixed a value of emissivity ( 0.8 ε ≈ ), based on the infrared measurements of T ∆ , and varied the position of
ture difference between the gas-substrate interface and the gas very far away) matched our experimentally determined value of T ∆ . Based on the steady-state value of T ∆ that we measured, we have determined that the percentage of cooling due to radiation is a mediocre 4% of the amount of heat provided by illumination, but it can also exceed 25% in certain cases and metasurfaces (see Supporting Information, section 'Heat Transfer'). To understand the importance of natural convection on cooling, we computed the Rayleigh number,
, where g is the acceleration due to gravity, β is the expansion coefficient (1/ T for an ideal gas), and ν is the kinematic gas viscosity. 
22.07 10
3.38 10
. 39 Therefore, due to the fact that 1 c L Ra Ra < , we conclude that heat transfer through conduction is the dominant mechanism and natural convection can be neglected. T . Time-zero was considered as the time moment at which the droplet is in thermal equilibrium with the environment (to ensure that, we waited 5 ≈ min after droplet placement and the light was switched on). The change in droplet volume during the experiments was relatively small and we estimated it to be 5% < h -1 . We define the environmental gas temperature just prior to freezing as 33 T = − °C). Figure 4d shows a plot of 2 T vs. 1 T for the control (-) and metasurface (---). We see that the metasurface has a significantly higher temperature relative to the control case for a range of sub-zero temperatures (-53 to 30
°C). Figure 4e shows a plot (calibration curve) of T for the two cases -which has equally significant implications in the freezing delay time (explored next)-that we can clearly attribute to the heating effect due to illumination.
To understand the significance of these results, we can use the classical nucleation theory. 17, 41 We term the supercooled water droplet temperatures on an illuminated control and , where av t is the average time required for ice to nucleate in a supercooled droplet when the droplet is maintained at thermal equilibrium with its surroundings; 17 therefore, for a six degree temperature difference, one can expect a six orders of magnitude increase in av t for the metasurface relative to the control case, which is associated with a very pronounced freezing delay. See also Supporting Information, section 'Frosting characterization', Figure S7 and Figure S8 for frosting experiments in harsh environmental condi-14 tions: ambient humidity and high heat flux to the substrate.
Next, the defrosting potential of the partially transparent metasurfaces is investigated. Figure 5a shows that the frost on the control sample is unaffected by illumination, while Figure 5b shows that the metasurface is completely defrosted at the illuminated area by 140 t = s (see Supporting
Information Video S2 for a defrosting demonstration on a frosted control sample and metasurface). To eliminate the effects of surface composition on frost growth, both the control and metasurface were coated with a thin layer of PVDF. Frost was grown on both samples under identical environmental conditions and for the same duration, ensuring similar frost thicknesses.
Due to the lower thermal conductivity and increased thickness of the PMMA substrate relative to the glass, we should expect that heat transfer into the sample holder should be minimized. Furthermore, we note that there is an insulating frost layer on top of the sample; therefore, one should expect a higher steady-state temperature increase in the illuminated metasurface, allowing defrosting to occur in-spite of the relatively cold surrounding environment.
Conclusions
In closing, we showed that with rationally designed hybrid metamaterial films that balance transparency and absorption, extreme icephobic surface performances can be achieved. Such films, here nanocomposites of gold and titanium dioxide, exhibit broadband visible light absorption, while being sub-wavelength thin, enabling localized ice melting at the film-ice interface.
The plasmonically enhanced light absorption heating induced a temperature increase greater than 10 °C, compared to a control surface, for rapid de-icing within 30 s. Furthermore, we achieved a 15 6 °C decrease in the spontaneous nucleation temperature (resulting in 6 ≈ orders of magnitude increase in droplet freezing delay at -32 °C), and a defrosting time of 4 ≈ min, for a highly trans-
). We presented a viable, passive, anti-icing and deicing metamaterial platform harvesting the benefit of solar radiation, that can find a broad range of applications, especially where transparency is required, including water solar heating, automotive industry, residential and commercial buildings and construction or machinery infrastructure.
We believe that although the present approach demonstrates both anti-icing and de-icing behavior while maintaining transparency, it could be further improved by incorporating other passive icephobicity designs based on surface nanoengineering.
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Methods
Substrate preparation. Double side polished, 4-in fused silica wafers ( 500 l = μm) were sourced from UniversityWafer, Inc. A 5-μm protective photoresist layer was spin coated and developed on each wafer, which was subsequently cut into 18 mm by 18 mm square pieces, using an ADT ProVectus LA 7100 semi-automatic wafer dicer. The cut glass substrates were sonicated in acetone for 3 min, in order to remove the photoresist, followed by an equal-time sonication in isopropyl alcohol. Finally, they were dried in a nitrogen stream. PMMA substrates were prepared by manually cutting a PMMA sheet (Schlösser GmbH, 1 l = mm) into rectangular pieces ( ≈ 18 mm by 18 mm), removing the protective membrane and sonicating in water.
Adhesion layer and thin film deposition. A 2-nm chrome adhesion layer was deposited on the substrates, using an Evatec BAK501 LL thermal evaporator. The multilayer structure was then applied layer-by-layer via sputter deposition in argon atmosphere, by employing a Von Ardenne CS 320 C sputter tool. An RF field at a power of 600 W was used at the TiO2 target, while a 50 W DC field was used in the case of the Au target. Deposition times were 43 s and 3 s, re-spectively, at a pressure of 6 μbar. A pre-sputtering time of 30 s was necessary for stabilizing the plasma and thus the deposition rate in the chamber. The first layer was TiO2, followed by Au, and the alternation continued until the desired number of layers was reached. The deposition time for the TiO2 top-layer was 72 s. were individually recorded at the same spot on the sample, over the 400-800 nm wavelength range, by a UV-Visible spectrometer (Acton SP2500, Princeton Instruments), making the assumption of negligible light scattering. The absorption spectra were obtained by
Measurements from three different spots per sample were averaged to extract the absorption curves in Figure 1d and Figure S3a Anti-icing and defrosting experiments. The same chamber as in the de-icing experiments was used. A cold nitrogen recirculation stream maintained dry conditions. The exposure time of the camera was necessary to be readjusted, due to severe changes in the intensity of incident light, at the following time moments (defrosting experiments): (a) 0 t = s and (b) 600 t = s.
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In the case, again, of the defrosting experiments (control: 3 experiments, metasurface: 3 experiments), frost was grown in ambient humidity conditions, by placing each sample on a cold block, at a temperature of -50 °C, for 45 min. Transfer of the frosted sample to the pre-cooled chamber was done in a fast manner to prevent melting of the formed layer.
Anti-frosting experiments in ambient humidity conditions. An in-house setup was prepared for the anti-frosting experiments, consisting of a xenon light source (300 W 6258 Xe lamp in a 87005 enclosure, Newport), two objectives (4x, 10x) to collimate and focus the light on the sample surface, which was vertically mounted on a peltier element (38.6 W, PE-127-14-25-S, Laird), a cooling system (SST-TD02-LITE, Silverstone) and a Thorlabs CCD camera (DCC1545M-GL). A PID peltier control circuit (TEC-1089-SV, TEC Engineering) was used to regulate temperature (measured with a PT-100 type RTD). The power density of light on the metasurface was 1 P ≈ kW m -2 . The light was switched on for 30 min prior to the experiments for stabilization reasons. Recording framerate was 1 fps. The exposed area on the sample was dried with a nitrogen stream prior and after every frosting cycle.
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